Abstract-This study introduces and investigates a new silicon-on-insulator (SOI) microdosimeter with an array of 3D cylindrical micron sized sensitive volumes (SVs) for use in calculating the radiobiological effectiveness (RBE) of a radiation field via the microdosimetry approach. An ion beam induced charge (IBIC) study of individual SVs E-mail.lnk has revealed a well defined truly micron sized SV with a near 100 % charge collection efficiency (CCE). By eliminating cross talk between individual SVs, the device has the capability of studying the track structure of high energy, heavy ions like those found in a deep space environment.
I. INTRODUCTION
T present there exists a need for a portable microdosimeter for use in estimating the equivalent dose and radiobiological effectiveness (RBE) of different therapeutic and mixed radiation fields. Such knowledge is relevant to: radiation therapy treatment planning, predicting single event upset (SEU) in micro and nano electronics, and assessing the biological risk posed to radiation workers, high altitude terrestrial and space aviation crew.
An effective way to determine RBE is to employ the regional microdosimetry approach [1] . This approach has the advantage that no prior knowledge of the particles contained in the field is required. It infers the radiobiological properties of the field by measuring the spectrum of lineal energy events f(y) in a micron sized site for all primary and secondary particles generated during the exposure of the tissue to ionizing radiation. With knowledge of f(y) the RBE is calculated using Q(y)y 2 f(y)d(logy), where Q(y) is a quality factor obtained from radiobiological experiments [1, 2] . Experimental measurements of f(y) require a radiation detection instrument with a sensitive volume equivalent in size to a biological cell. Traditionally gas proportional counters have been used. These have the advantage of excellent tissue equivalency of the gas, however they have a large physical volume, require a high voltage for operation, among other documented shortcomings [1] [2] [3] .
Recent efforts to produce a solid state microdosimeter include a planar 2D semiconductor-on-insulator (SOI) based device developed at the Centre for Medical Radiation Physics (CMRP), University of Wollongong, Australia [4] . This device consists of a 2D diode array of elongated rectangular parallelepiped structures in close proximity to one another. Each SV is 30 x 30 x 10 μm 3 in size. All sensitive volumes are connected in parallel and thus allowing only single pre amplifier readout. The device has been tested for applications in radiation therapy [5] [6] [7] , radiation protection [8] , and deep space environments at the NASA radiation facility, Brookhaven National Laboratory (BNL) [9] with good results. However, studies have found a diffusion component in the charge collected from the device [4] . Also since the chord length variance throughout a SV should be as close as possible to that of a sphere, for solid state microdosimetry a cube or cylinder provides a more ideal geometry to that of an elongated rectangular design [3, 4] .
Based on a decade of experience a new generation SOI microdosimeter has been proposed. The design of the new device is based on an array of physically isolated 3D cylindrical sensitive volumes. Each SV produces a radial electric field throughout the entire volume to avoid any diffusion component in the collected charge. Fig. 1 An array of these SVs was designed to have translational symmetry such that any single SV was surrounded by 4 identical SVs with all central and surrounding SVs each being connected in parallel to 2 seperate charge sensitive preamplifiers respectively. Fig. 2 shows the layout of this SV array design.
II. THE DEVICE AND EXPERIMENTAL METHOD
A. Fabrication A schematic of the fabricated mesa SV structure is shown above in Fig. 3 . Fabrication of the device employed planar processing techniques on a p --silicon on insulator (SOI) wafer. Phosphorus and boron were diffused into a SOI wafer to produce p-i-n diode structures with coaxial geometry and an intrinsic p --annulus of radial width, w. The silicon external to the p + region of each diode was removed through an etching process to create a SOI mesa structure 2 μm in thickness (t). Details of the fabrication and TCAD modelling are presented in [10] . Two versions of this test structure were fabricated for testing: an array and a single SV device.
B. Electrical Characterisation
The electrical properties of the diodes were determined using conventional current-voltage (IV) and capacitancevoltage (CV) testing with a Keithley 6517A electrometer and a Boonton 7200 capacitance bridge. All measurements were performed under vacuum and at room temperature to allow for reproducible conditions.
C. Charge Collection Imaging
The charge collection characteristics of the device were experimentally measured using the Australian Nuclear Science and Technology Organisation (ANSTO) heavy ion microprobe. Use of the microprobe for a SOI microdosimeter IBIC study is discussed extensively in [11] . For these experiments the microprobe was used to produce a 3 MeV beam of He 2+ ions focused to a diameter of approximately 1.0 μm. During IBIC the amount of energy deposited within the microdosimeter for each ion traversal, E, was measured in coincidence with voltage signals indicating the beam position, x and y. This data was used to generate IBIC imaging maps displaying either; the median amplitude of the charge signal collected, or the intensity of events within a desired energy range, as a function of beam position.
III. RESULTS AND DISCUSSION

A. I-V and C-V
The typical reverse current and capacitance for a functioning individually read out diode at a 9 V operating voltage was 2-3 pA and 25 pF respectively. The typical reverse current for a functioning individual row on an arrayed device was 2 pA. The capacitance of the device with 6 functioning rows externally connected in parallel was 11 pF.
B. IBIC Results: 2 μm Device
The energy spectrum from an individually readout 2 μm width diode reverse biased to 9 V in response to the 3 MeV He 2+ ions is shown in Fig. 4 (a) . A peak can be seen at an energy of approximately 300 keV. The expected energy loss of a 3 MeV He 2+ ion in 2 μm of silicon is 392 keV (196 keV/μm). This suggests the thickness of the supplied diodes is 1.6 μm rather than the expected 2 μm. To best understand the response of the diode to ion strikes the IBIC produced median energy map is shown in fig. 4 (b) and discussed below. As previously mentioned, the median energy map represents the median amount of charge collected by the preamplifier as a function of beam position (x,y). An orange, red or blue pixel corresponds to a region of high, low or intermediate median charge collection respectively. From here in the median amount of charge collected will simply be referred to as the amount of charge collected for ease of reading. In fig. 3 (b) a region of high charge collection, orange pixels, can be seen to form an annulus. This shows an excellent spatial correlation to the diode's intrinsically doped p --region. In this region it is expected that all charge is collected under drift due to the presence of the strong electric field. The median energy map confirms this. The uniform amount of charge collected in this region also implies that a uniform thickness of the microdosimeter was achieved in fabrication. In the centre of the scan, as well as around the outer circumference, blue pixels indicate regions of low charge collection. These areas show excellent spatial correlation to the start of the diode's outer p + region and the presence of the diode's axial n + region. High doping concentrations in these parts does not allow the presence of any electric field. A statistically insignificant amount of charge is collected from ions strikes in these regions due to a high degree of recombination. Red pixels denote the boundary between the regions of high and low charge collection. Their location shows good spatial correlation to the highly doped p + and n + regions encountering the intrinsic p --region. In these fringes the doping concentrations are not as high as it is in the rest of the doped regions. This allows for partial penetration of the electric field and a subsequent level of intermediate charge collection. No real events were observed to correlate with the area outside of the diode mesa structure. The sputtered events that can be seen are due to ions which were initially directed towards their displayed location but became scattered to finish incident on the inner charge collecting regions of the microdosimeter. Overall this device displayed excellent charge collection characteristics in the expected 3D cylindrical sensitive volume.
C. IBIC Results: 10 μm Device
The energy spectrum of a scanned individually readout grounded 10 μm width diode in response to the 3 MeV He2+ ions is shown in fig. 5 (a) . Interestingly there appears to be a tail of enhanced charge collection in this spectrum extending from the main peak out to an energy of 350 keV. To understand this phenomenon the spectrum has been divided into three distinct energy regions 60 keV < E < 235 keV, 250 keV < E < 300 keV and 310 keV < E < 350 keV. The intensity of events contributing to the spectrum in each region as a function of beam position (x,y) is shown in fig.s 5 (b) , (c) and (d) respectively. Fig.s 5 (b) and (c) show that high energy events are due to ion strikes within the p --region of the connected even diodes and low-medium energy events are due to ion strikes surrounding this region as discussed above for an individual 2 μm width diode. Fig. 5 (d) shows that the enhanced collection of charge carriers observed on the spectrum resulted from ion strikes on an area of the diode that appears to match well to the geometry of the overlying evaporated Al contact, see fig. 5 (e). Ions depositing charge in this region have an increased LET due to their prior attenuation through the 0.6 μm contact. This would lead to an increase of charge deposited in the sensitive volume. However, calculations using the NIST A-STAR data base show the increase in deposited charge would correspond to an increase in peak energy of only 10.1 keV on the spectrum. An increase of this sort would not be resolved from the main peak on the spectrum given the straggling of ions and the inherent 5 keV FWHM noise of the detector. More likely is that the thickness of the silicon under the Al contact is slightly greater than the surrounding areas. Fig. 6 is a median energy map of a section of the array ~ 230 μm 2 in area. Four biased diodes externally connected to the data acquisition system are seen predominantly in yellow, while five unconnected floating diodes from the interlaying rows are seen in blue. From this median energy image it is clear that the connected diodes are successfully operating as a full charge collection array. It is also clear however that there is a significant amount of low energy charge collection present across; each connected diode's outer mesa structure, the Si0 2 between diodes, and the sensitive volume of each unconnected and floating diode. To better understand this phenomenon the energy spectrum from the scan is shown in Fig. 7 and has been divided into 4 distinct regions: 5 keV < E < 20 keV; 20 < E < 60 keV; 60 keV < E < 160 keV; and 160 keV < E < 220 keV. ) show what has previously been observed; high energy events are due to ion strikes within the biased p --region of the connected diodes and low-medium energy events are due to ion strikes surrounding this p --region . Fig 8 (a) and (b) show what is unique to the array; very low energy charge collection extending out from the noise peak, results from ions striking the SiO 2 substrate between diodes, and, with greater frequency per unit area, the p --region of the unconnected, floating diodes ( fig. 8 (a) ). Also, there is an increased rate of low energy charge being collected as a result of ion strikes at the outer extremities of the connected, and biased, diodes ( fig. 8 (b) ). These have an unfavorable affect on the measured frequency distribution spectrum in response to mono-energetic He 2+ alphas. This low energy charge collection will be the subject of future investigation.
D. IBIC Results: 2 μm Arrayed Device
IV. CONCLUSION
A SOI microdosimeter with a novel 3D cylindrical sensitive volume was introduced and investigated. The design achieved a well defined SV with a 100% CCE. Results show the design has great potential for a new generation of SOI microdosimeters.
